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Abstract
Invasive cancer causes a change in density in the affected tissue, which can be visualized by x-ray phase-contrast
tomography. However, the diagnostic value of this method has so far not been investigated in detail. Therefore, the
purpose of this study was, in a blinded manner, to investigate whether malignancy could be revealed by non-invasive x-ray
phase-contrast tomography in lymph nodes from breast cancer patients. Seventeen formalin-fixed paraffin-embedded
lymph nodes from 10 female patients (age range 37–83 years) diagnosed with invasive ductal carcinomas were analyzed by
X-ray phase-contrast tomography. Ten lymph nodes had metastatic deposits and 7 were benign. The phase-contrast images
were analyzed according to standards for conventional CT images looking for characteristics usually only visible by
pathological examinations. Histopathology was used as reference. The result of this study was that the diagnostic sensitivity
of the image analysis for detecting malignancy was 100% and the specificity was 87%. The positive predictive value was
91% for detecting malignancy and the negative predictive value was 100%. We conclude that x-ray phase-contrast imaging
can accurately detect density variations to obtain information regarding lymph node involvement previously inaccessible
with standard absorption x-ray imaging.
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Introduction
Breast cancer is the leading cause of death in cancer among
women [1]. Early diagnosis and accurate staging of the disease are
crucial for proper treatment and improved prognosis. It is of major
importance whether the cancer is confined to the breast or has
spread to the adjacent lymph nodes. The current state-of-the-art
method to investigate the regional axillary lymph nodes is the
sentinel node (SNL) technique [2]. Prior to the final surgical
intervention, a quantity of radio-labeled colloid is injected into the
breast, usually in the region around the tumor. The distribution of
the radiotracer is visualized by a gamma camera image, revealing
the lymph nodes that are draining the breast tissue with the tumor.
These local lymph nodes, usually numbering between one and
three, are called the sentinel nodes. The surgeon identifies the
sentinel node with a small Geiger probe and removes the nodes for
investigation by the pathologist. This is done either perioperatively
or following the primary operation. If the nodes show histological
metastatic deposits, an axillary dissection is performed [3].
The sensitivity and specificity of the SNL technique is generally
high. However, the technique is not feasible for all breast cancer
patients, and a non-invasive tool for identification of malignant
lymph nodes would be of particular interest for non-SNL
candidates. Suggested contra-indications for SNL are multifocal
or multicentric lesions, previous axillary surgery, previous irradi-
ation therapy, and neo-adjuvant chemotherapy [4–6], although
large investigations regarding these contraindications are still
needed.
Conventional imaging cannot accurately assess axillary lymph
node involvement. Different imaging approaches have been
evaluated for the use in axillary staging, and currently computer
tomography and ultrasonography are the most widely used.
However, no imaging modality has yet shown satisfactory
sensitivity or specificity in this respect. Factors such as size and
shape have been used to discriminate between malignant and
benign lymph nodes, but these evaluation criterions have their
obvious limitations.
A newer approach using dynamic contrast-enhanced magnetic
resonance seems promising for evaluation of primary tumors for
breast cancer patients after neo-adjuvant chemotherapy and has
been evaluated as a surrogate marker for prediction of nodal status
[7]. This indirect assessment of nodal involvement may however
be associated with an unsatisfactory high false-negative rate.
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The diagnostic value of F-18 -Fluorodeoxy-glucose-Positron
Emission Tomography (F-18-FDG-PET) with or without di-
agnostic CT has also been evaluated as a tool for preoperative
axillary staging [8,9]. But again, a sensitivity around 60–70%
seems unsatisfactory compared to SNL verified by histopatholog-
ical examination.
Due to the high prognostic implication of axillary lymph node
involvement, it is of paramount importance to identify a possible
spread of disease for proper staging and thereby choice of
treatment strategy. Especially false negative cases should be
minimized for improved prognosis but also false positive cases,
since removal of the whole axilla is associated with significant
morbidity such as lymphedema in the affected arm and limitations
of shoulder movement [10,11]. Thus, the development of a safe
pre-operative, non-invasive imaging technique to identify lymph
node metastases would be of tremendous value. Such an imaging
technique could spare the patient for axillary surgery if negative,
and if positive, the primary tumor and the affected nodes could be
removed during the same operation and proper treatment initiated
faster.
Tiny density variations in human tissue are difficult or
impossible to detect with conventional X-ray imaging, but they
can be visualized by grating-based phase-contrast X-ray tomog-
raphy [12–18]. Due to the wave-optical interaction of x-rays with
matter, the contrast available with phase-contrast imaging is much
higher than standard X-ray absorption imaging. Hence, the
density variations caused by invasive cancer can be visualized.
Here we report high-contrast biomedical phase-contrast imaging
using synchrotron radiation [19–21] applied to human lymph
nodes. The purpose of this study was, in a blinded manner, to
investigate whether malignancy could be revealed by non-invasive
x-ray phase-contrast tomography in lymph nodes from breast
cancer patients.
Materials and Methods
Samples
Written informed consent was obtained from all participants
and the study was approved by the regional scientific ethical
committee. Seventeen formalin-fixed, paraffin-embedded axillary
lymph nodes were used for the study, all from axillary dissection
specimens from women with invasive ductal breast carcinoma. All
lymph nodes were weighed, measured on the longest diameter and
cut in half prior to formalin-fixation. One half of the formalin
fixed-paraffin-embedded lymph node was used for the study and
the other for routine histological examination.
Each sample was paraffin embedded in a small plastic tray
following the standard protocol for histology slicing. Haematoxylin
and eosin staining (H&E-staining) was performed according to
routine procedures on 10 mm sections from all samples on the
experimental half of the lymph node to verify the diagnosis. In
addition, prior to sectioning and staining, each sample was imaged
using phase-contrast tomography. For x-ray phase-contrast
imaging the paraffin embedded lymph nodes were removed from
their trays and brought to the synchrotron radiation facility.
Phase-contrast Micro-tomography
The x-ray imaging measurements were carried out at the ID19
beamline at the European Synchrotron Radiation Facility (ESRF),
in Grenoble, France [22]. A grating interferometer was placed 150
meters from the wiggler source (see Figure 1). The principle and
set-up of the x-ray grating interferometer has previously been
described in detail [12,23–27]. In this experiment we have used
a monochromatic x-ray beam at 23 keV. The Si phase grating
(G1, p-phase shifting) was placed after the sample, had period of
4.785 mm and a height of 29.5 mm and had been produced using
photolithography and wet chemical etching [27]. The Au
absorption grating (G2) was placed in front of the detector, had
period of 2.400 mm and a height of 50 mm. It had been produced
using soft X-ray lithography [28]. A FReLoN CCD detector with
an effective pixel size of 14.9614.9 mm2 with 102461024 pixels
was used. The field of view was limited horizontally by the number
of pixels of the detector, and vertically by the X-ray beam size; this
resulted in a field of 15.3 mm width and 13.7 mm height.
For each tomographic dataset four phase step projections with
an exposure time of 0.5 seconds each were collected for 701 angles
evenly distributed over 360 degrees. This resulted in a total net
exposure time of 24 minutes. Due to the large field-of-view four
samples could be measured simultaneously. The data was
reconstructed using a Hilbert-filter-based phase-contrast filtered
back-projection algorithm [29]. A phase unwrapping procedure
was applied prior to reconstruction to suppress cupping artifacts.
For each sample the dataset included (depending on the size of the
sample) 100–225 adjacent 14.9-mm-thick slices, thus providing
a full 3D image of the sample.
Data Analysis and Statistics
Each image was converted to DICOM format and imported
into the Inveon Software (Siemens Medical Solutions, Inc.,
Knoxville, TN, USA) for analysis by two experts in Medical
Imaging. The study was blinded and retrospective.
Since the technique was new and the images unlike prior
absorption x-ray images, the experts who analyzed the scans first
looked at a test set of three images and set their diagnosis, then
they were given the correct diagnosis before completing the rest of
the image analysis. This was done in order to know which features
to look for in the benign and malignant lymph nodes respectively.
The reference for metastatic disease was histopathology diagnosis
set by a pathologist who was blinded to the x-ray phase-contrast
results.
For comparison between groups for diameter and weight an
independent-samples t-test was used. The statistical analyses were
calculated using SPSS version 17.0 (SPSS Inc, Chicago, IL).
P,0.05 was considered significant.
Figure 1. Experimental setup. Not to scale. The sample is placed in
front of the interferometer as close as possible to the first grating. The
distance between the two x-ray optical transmission gratings, G1 and
G2 is dictated by the fractional Talbot order. The detector is placed
immediately after G2. The phase-contrast images are collected for each
rotation angle v by scanning G1, along the transverse direction in four
steps.
doi:10.1371/journal.pone.0054047.g001
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Results
Twenty-three samples were visualized by phase-contrast micro-
tomography. Due to technical challenges, as no experimental
protocol was available before the experiment, some samples were
excluded before the final image analysis. All samples were
embedded in paraffin but they were removed from their trays in
a way that was not optimized for the imaging procedure. For
optimal phase-contrast imaging the sample embedding should be
of convex shape and free of cracks. Establishment of this protocol
lead to failed sample handling resulting in poor image quality of 6
samples. Therefore, seventeen lymph nodes from 10 patients were
included in the final analysis. The age range of the 10 patients was
37–83 years (median age 60 years).
The 17 included lymph nodes were collected from 10 patients
with clinical suspiciousness of nodal involvement and all un-
derwent complete axillary resection. Of these 10 patients, 1 had no
metastasis in the resected axillary specimen, 3 had 1–3 affected
nodes, 3 had 4–6 affected nodes and 3 had more than 6 affected
nodes.
Of the 17 included axillary lymph nodes, histological examina-
tion confirmed that n= 10 were infiltrated with invasive ductal
breast carcinoma and n= 7 were without metastatic deposits. All
lymph nodes with metastatic deposits that were included in the
study had macro-metastases. The 10 lymph nodes with cancer
infiltration had a weight of (4.163.3) g (mean 6 standard
deviation), and a diameter of (2466.8) mm. The lymph nodes
without malignancy had a weight of (0.660.4) g, and a diameter of
Figure 2. Phase-contrast tomography images of lymph nodes. Without (upper panels) and with (lower panels) metastatic deposits from
patients diagnosed with invasive ductal breast carcinoma. The lymphoid follicles can easily be distinguished in the images of the benign lymph
nodes. In the lower panels the invasive edge (arrows) clearly mark the border between the metastatic majority (lighter) part of the lymph node and
the smaller part of the node with intact normal cells (darker).
doi:10.1371/journal.pone.0054047.g002
Imaging of Lymph Nodes by X-ray Phase-Contrast
PLOS ONE | www.plosone.org 3 January 2013 | Volume 8 | Issue 1 | e54047
(1464.3) mm. The malignant lymph nodes had a significantly
higher weight and larger diameter than the non-malignant lymph
nodes (p = 0.015 and p= 0.005, respectively).
All of the 10 metastatic lymph nodes had a longest diameter that
was above 10 mm, which is the criterion for considering the lymph
node suspicious of malignancy on CT. Two lymph nodes were
however close to 10 mm with the longest diameter of 12 and
13 mm respectively, which could be within the range of
measurement inconsistence on CT images, and the lymph nodes
could be considered non-malignant on conventional CT or not be
detected at all.
The raw data and image reconstruction was carried out by
experts in x-ray physics. The final images were analyzed by two
experts in nuclear medicine and both the physicists and the
physicians were blinded to the diagnosis of the lymph nodes. Each
of the 2 experts in Nuclear Medicine who analyzed the images had
1 false positive result and no false negative results. The false
positive sample was however different for the two experts. Thus,
the inter-observer agreement was 88% (15 of 17 lymph nodes) for
classification of the lymph nodes as malignant or benign. The
diagnostic sensitivity of the image analysis was 100% and the
specificity was 87%. The positive predictive value was 91% and
the negative predictive value was 100%. The features that were
characteristic of the benign lymph nodes, were an ordered
structure with clearly visible lymphoid follicles (see figure 2 upper
panels), whereas the malignant lymph nodes had features such as
calcification, changed morphology, and a general disorganized
appearance. From the example in figure 2 (lower panels) the
border between the cancer-infiltrated and the non-infiltrated part
of the lymph node can be seen with a clear gray level difference
(cancer infiltration lighter) due to the changed density of the tissue
caused by the cancer infiltration.
Discussion
The axillary status is one of the most important prognostic
factors for breast cancer patients. Therefore, correct assessment of
nodal involvement is of outmost importance, and the sentinel node
technique has evolved as a mandatory part in the evaluation and
staging of breast cancer patients. However, the SNL is not always
indicated, e.g. for patients undergoing neo-adjuvant chemother-
apy, and other approaches for axillary assessment are warranted.
Using x-ray phase-contrast tomography we demonstrate here
a high sensitivity (100%) as well as specificity (86%), positive
predictive value (91%) and negative predictive value (100%) with
no false-negative cases. In the non-metastatic lesions the lymphoid
follicles were clearly visible whereas the metastatic lesions had lost
this ordered morphology. This change in morphological char-
acteristics was clearly visible upon image analysis. This is the first
time that a non-invasive imaging modality has demonstrated the
ability to visually identify morphological differences between
malignant and benign lymph nodes. Accordingly, x-ray phase-
contrast micro-tomography gives histological information in a non-
invasive manner which allows for discrimination between benign
and malignant lymph nodes.
In this study, micro-metastases were not analyzed, and the
detection limit for identification of metastatic deposits in lymph
nodes is so far not known for this imaging approach. However,
given the high morphological information achievable with x-ray
phase-contrast tomography, we believe that this technique is more
powerful than imaging approaches otherwise available. In
addition, it is questionable what the prognostic implication of
micro-metastases is. It is known that intra-operative false-negative
cases are often micro-metastases or isolated tumor cells. Two
studies investigated the role of intra-operative false-negative cases.
In these studies, 75% of the false-negative cases were micro-
metastases or isolated tumor cells. There was no significant
difference in recurrence rate between patients with true-negative
SNL and patients with intra-operative false-negative SNL not
undergoing axillary lymph node dissection [30,31]. Thus, from the
results of these studies it seems possible that the clinical
significance of micro-metastases is limited.
The non-invasive diagnostic method proposed here, based upon
x-ray phase-contrast imaging, can be used for identification of
metastatic deposits in lymph nodes. Once developed into a clinical
routine this x-ray phase-contrast imaging methodology could have
a great impact on diagnosis and treatment in patients with breast
cancer. The present sentinel node technique might then be
replaced by a non-invasive preoperative x-ray phase-contrast
evaluation of lymph node involvement in patients with breast
cancer, and surgical intervention could be reduced to one
operation, and perhaps more importantly, proper choice of
treatment could be initiated faster.
The method of grating-based x-ray phase-contrast imaging has
already been demonstrated using standard laboratory x-ray
sources [16–17,32–36], making its use in the clinic feasible. We
believe that the images presented here will constitute the next step
towards a new concept for imaging cancer and possibly other
diseases. The implementation of phase-contrast x-ray imaging in
a clinical environment could be envisioned as a high-resolution
micro-CT for surgically removed tissue samples ex-vivo as an
alternative to histology, or as an in-vivo full body CT.
In conclusion, we describe a new method using phase-contrast
tomography that has a high sensitivity and specificity for non-
invasive detection of lymph node metastases. The method has
a high clinical potential and in the future may lead to non-invasive
axillary staging of breast cancer patients.
Author Contributions
Conceived and designed the experiments: THJ MB TB RF AK LH FP.
Performed the experiments: THJ MB TB AB TW IZ FR RF. Analyzed the
data: THJ MB TB AB FR AK. Contributed reagents/materials/analysis
tools: CD TW IZ ER JM. Wrote the paper: THJ MB TB.
References
1. Ferlay J, Autier P, Boniol M, Heanue M, Colombet M, et al. (2007) Estimates of
the cancer incidence and mortality in Europe in 2006. Ann Oncol 18: 581–592.
2. Veronesi U, Paganelli G, Viale G, Luini A, Zurrida S, et al. (2006) Sentinel-
lymph-node biopsy as a staging procedure in breast cancer: update of
a randomised controlled study. Lancet Oncol 7: 983–990.
3. Samphao S, Eremin JM, El-Sheemy M, Eremin O (2008) Management of the
axilla in women with breast cancer: current clinical practice and a new selective
targeted approach. Ann Surg Oncol 15: 1282–1296.
4. Shien T, Akashi-Tanaka S, Yoshida M, Hojo T, Iwamoto E, et al. (2008)
Evaluation of axillary status in patients with breast cancer using thin-section CT.
Int J Clin Oncol 13: 314–319.
5. Anderson BO (2003) Sentinel lymphadenectomy in breast cancer: an update on
the NCCN clinical practice guidelines. J Natl Compr Canc Netw 1 Suppl 1:
S64–S70.
6. Reintgen D, Giuliano R, Cox C (2002) Lymphatic mapping and sentinel lymph
node biopsy for breast cancer. Cancer J 8 Suppl 1: S15–S21.
7. Hsiang DJ, Yamamoto M, Mehta RS, Su MY, Baick CH, et al. (2007)
Predicting nodal status using dynamic contrast-enhanced magnetic resonance
imaging in patients with locally advanced breast cancer undergoing neoadjuvant
chemotherapy with and without sequential trastuzumab. Arch Surg 142: 855–
861.
8. Fuster D, Duch J, Paredes P, Velasco M, Mun˜oz M, et al. (2008) Preoperative
staging of large primary breast cancer with [18F]fluorodeoxyglucose positron
Imaging of Lymph Nodes by X-ray Phase-Contrast
PLOS ONE | www.plosone.org 4 January 2013 | Volume 8 | Issue 1 | e54047
emission tomography/computed tomography compared with conventional
imaging procedures. J Clin Oncol 26: 4746–4751.
9. Heusner TA, Kuemmel S, Hahn S, Koeninger A, Otterbach F, et al. (2009)
Diagnostic value of full-dose FDG PET/CT for axillary lymph node staging in
breast cancer patients. Eur J Nucl Med Mol Imaging 36: 1543–1550.
10. Schulze T, Mucke J, Markwardt J, Schlag PM, Bembenek A (2006) Long-term
morbidity of patients with early breast cancer after sentinel lymph node biopsy
compared to axillary lymph node dissection. J Surg Oncol 93: 109–119.
11. Peintinger F, Reitsamer R, Stranzl H, Ralph G (2003) Comparison of quality of
life and arm complaints after axillary lymph node dissection vs sentinel lymph
node biopsy in breast cancer patients. Br J Cancer 89: 648–652.
12. Pfeiffer F, Bunk O, David C, Bech M, Le Duc G, et al. (2007) High-resolution
brain tumor visualization using three-dimensional x-ray phase contrast
tomography. Phys Med Biol 52: 6923–6930.
13. Momose A, Yashiro W, Takeda Y, Suzuki Y, Hattori T (2006) Phase
Tomography by X-ray Talbot Interferometry for Biological Imaging. Japan J.
Appl. Phys. 45(No. 6A): 5254–5262.
14. Schulz G, Weitkamp T, Zanette I, Pfeiffer F, Beckmann F, et al. (2010) J Royal
Soc, Interface 7: 1665–76.
15. Momose A, Takeda Y, Yashiro W, Takeuchi A, Suzuki Y (2009) Journal of
Physics: Conference Series 186: 012044.
16. Pfeiffer F, Weitkamp T, Bunk O, David C (2006) Phase retrieval and differential
phase-contrast imaging with low-brilliance X-ray sources. Nat Phys 2: 258–261.
17. Tapfer A, Bech M, Velroyen A, Meiser J, Mohr J, et al. (2012) Experimental
results from a preclinical X-ray phase-contrast CT scanner. Proc Natl Acad Sci
USA, 109(39): 15691–15696.
18. McDonald S, Marone F, Hintermu¨ller C, Bensadoun JC, Aebischer P, et al.
(2009) High-throughput, high-resolution X-ray phase contrast tomographic
microscopy for visualisation of soft tissue. Journal of Physics: Conference Series
186, 012043.
19. Lang S, Mu¨ller B, Dominietto M, Cattin PC, Zanette I, et al. (2012) Three-
dimensional quantification of capillary networks in healthy and cancerous tissues
of two mice. Microvascular Research 84(3): 314–322.
20. Mu¨ller B, Schulz G, Herzen J, Mushkolaj S, Bormann T, et al. (2010)
Morphology of urethral tissues. Proceedings of SPIE 7804: 78040D.
21. Zanette I, Bech M, Rack A, Le Duc G, Tafforeau P, et al. (2012) Trimodal low-
dose X-ray tomography. Proc Natl Acad Sci USA, 109(26): 10199–10204.
22. Weitkamp T, Tafforeau P, Boller E, Cloetens P, Valade JP, et al. (2010) Status
and evolution of the ESRF beamline ID19. AIP Conf Proc 1221: 33–38.
23. Weitkamp T, Zanette I, David C, Baruchel J, Bech M, et al. (2010) Recent
developments in X-ray Talbot interferometry at ESRF-ID19, Proc SPIE 7804:
780406.
24. David C, Weitkamp T, Pfeiffer F, Diaz A, Bruder J, et al. (2007) Hard X-ray
phase imaging and tomography using a grating interferometer. Spectrochimica
Acta Part B: Atomic Spectroscopy 62: 626–630.
25. Weitkamp T, Diaz A, David C, Pfeiffer F, Stampanoni M, et al. (2005) X-ray
phase imaging with a grating interferometer. Opt Express 13(16): 6296–6304.
26. Momose A, Kawamoto S, Koyama I, Hamaishi Y, Takai K, et al. (2003).
Demonstration of X-Ray Talbot Interferometry. Jpn J Appl Phys 42(Part 2, No.
7B): L866–L868.
27. David C, Nohammer B, Solak HH, Ziegler E (2002) Differential x-ray phase
contrast imaging using a shearing interferometer. Applied Physics Letters 81:
3287–3289.
28. Reznikova E, Mohr J, Boerner M, Nazmov V, Jakobs PJ (2008) Soft X-ray
lithography of high aspect ratio SU8 submicron structures. Microsystem
Technologies 14: 1683–1688.
29. Pfeiffer F, Kottler C, Bunk O, David C (2007) Hard x-ray phase tomography
with low-brilliance sources. Phys Rev Lett 98: 108105.
30. Takei H, Kurosumi M, Yoshida T, Ishikawa Y, Hayashi Y, et al. (2010) Axillary
lymph node dissection can be avoided in women with breast cancer with
intraoperative, false-negative sentinel lymph node biopsies. Breast Cancer 17: 9–
16.
31. Taras AR, Hendrickson NA, Lowe KA, Atwood M, Beatty JD (2010)
Recurrence rates in breast cancer patients with false-negative intraoperative
evaluation of sentinel lymph nodes. Am J Surg 199: 625–628.
32. Stampanoni M, Wang Z, Thu¨ring T, David C, Roessl E, et al. (2011) The First
Analysis and Clinical Evaluation of Native Breast Tissue Using Differential
Phase-Contrast Mammography. Inv Rad 46: 801–806.
33. Tapfer A, Bech M, Pauwels B, Liu X, Bruyndonckx P, et al. (2011) Development
of a prototype gantry system for preclinical x-ray phase-contrast computed
tomography. Med Phys 38: 5910.
34. Stutman D, Beck TJ, Carrino JA, Bingham CO (2011) Talbot phase-contrast x-
ray imaging for the small joints of the hand. Phys Med Biol 56: 5697.
35. Wang Z, Gao K, Zhu P, Yuana Q, Huang W, et al. (2011) Grating-based X-ray
phase contrast imaging using polychromatic laboratory sources. J Elec Spectr
Rel Phen 184: 342–345.
36. Qi Z, Zambelli J, Bevins N, Chen G (2010) Quantitative imaging of electron
density and effective atomic number using phase contrast CT. Phys Med Biol 55:
2669.
Imaging of Lymph Nodes by X-ray Phase-Contrast
PLOS ONE | www.plosone.org 5 January 2013 | Volume 8 | Issue 1 | e54047
